In crude extracts of plant tissue, the Mr = 100,000 proton-pumping ATPase constitutes less than 0.01% of the total cell protein. A large-scale purification procedure is described that has been used to obtain extensive protein sequence information from this enzyme. Plasma membrane vesicles enriched in ATPase activity were obtained from extracts of oat roots by routine differential and density gradient centrifugation. Following a detergent wash, the ATPase was resolved from other integral membrane proteins by size fractionation at 4°C in the presence of lithium dodecyl sulfate. After carboxymethylation of cysteine residues and removal of detergent, the ATPase was digested with trypsin and resultant peptide fragments separated by reverse phase high performance liquid chromatography. Peptides were recovered with high yield and were readily sequenced by automated Edman degradation on a gas-phase sequencer. Of the eight peptides sequenced, six showed strong homology with known amino acid sequences of the fungal proton-pumping and other cationtransporting ATPases.
Very little structural information is available on the plasma membrane H+-ATPase of higher plants. The gene encoding the H+-ATPase of higher plants has not yet been cloned and sequenced, and only a short stretch of amino acid sequence near the active site of phosphorylation is known (23) . Although progress has recently been made in purifying active H + -ATPase from higher plants, even in the purest preparations the ATPase is recovered in low yield and contains protein contaminants (2, 17) . Chemical studies of the ATPase, such as amino acid sequencing, require large amounts of pure polypeptide but the polypeptide need not be enzymatically active. We describe here a method by which large amounts of oat plasma membrane H + -ATPase can be readily purified. We have isolated and sequenced tryptic peptides derived from this material, providing the first extensive sequence information on a higher plant plasma membrane H + -ATPase.
MATERIALS AND METHODS
Plasma Membrane Isolation. Oat root plasma membranes were isolated and assayed for ATPase activity as described by Surowy and Sussman (20) . Briefly, oat roots were homogenized, strained through cheesecloth, and centrifuged at 8,000g for 15 min to remove mitochondria and cellular debris. Microsomes were pelleted from the supernatant by centrifugation at 48,000g for 1.5 h, and then applied to a discontinuous sucrose gradient. After centrifugation at 200,000g for 1.5 h, plasma membranes were collected at the 33%146% (w/w) sucrose interface. ATPase activity was assayed colorimetrically by measuring the release of inorganic phosphate from ATP. Plasma membrane protein was assayed by the method of Lowry (9), using BSA as standard. For the experiments described here, 200 mg of oat plasma membrane protein obtained from 3.6 kg of oat roots were used. Specific activity of the H+-ATPase in these membranes was 1.3 ,umol inorganic phosphate released x (mg protein)-I x min-. Greater than 95% of this activity was resistant to 5 mM NaN3, 100 mM KNO3, and 0.5 mm (NH4)6Mo7024 * 4H20, known inhibitors of the mitochondrial, vacuolar, and nonspecific cytoplasmic ATPases, respectively.
Purification of the ATPase. Plasma membranes were treated with 0.2% sodium deoxycholate, a procedure which removes approximately half of the membrane protein without solubilizing the ATPase (20 RESULTS AND DISCUSSION Purification of the ATPase. The Mr = 100,000 H + -ATPase of the oat plasma membrane was purified from other integral plasma membrane proteins by size-fractionation under denaturing conditions. Oat plasma membranes were first isolated using routine differential and density gradient centrifugation procedures and then treated with 0.2% sodium deoxycholate. This detergent wash procedure removes approximately half the membrane protein without extracting the ATPase (20) . Most important, the deoxycholate wash removes a few other polypeptides with a mol wt near that of the Mr = 100,000 ATPase. Experiments using glycerol density gradient centrifugation to purify the H + -ATPase indicate that, in these preparations of detergent-washed oat plasma membranes, the H+-ATPase is the predominant M, = 100,000 polypeptide (14) . Washed membranes were then solubilized in 1% (w/v) lithium dodecyl sulfate, and the ATPase purified from the other solubilized proteins by size-fractionation on a column of Bio-Gel A-1.5m at 4°C (to minimize proteolysis). When column fractions were analyzed by SDS-PAGE and stained with Coomassie blue (Fig. 1A) , a prominant band at Mr = 100,000, corresponding to the oat plasma membrane H + -ATPase (7) Because not all of the detergent is removed, the hydrophobic ATPase stays in solution. By sequentially lyophilizing and resuspending the sample at l/o the former volume, it was possible to reduce the sample volume 100-fold, while maintaining a concentration of 1% (w/v) lithium dodecyl sulfate.
Cysteine residues of the ATPase were reduced and carboxymethylated with [3H]iodoacetic acid. This was done for several reasons. First, the introduction of charged groups makes the largely hydrophobic ATPase more soluble, allowing subsequent removal of all detergent and facilitating enzymatic digestion (1) . Second, by radioactively labeling one can detect protein with enhanced sensitivity and accuracy. Finally, the radiolabel can be used to identify cysteine-containing peptides. some of which have been implicated in the H+ -ATPase reaction mechanism (7). Following reduction and carboxymethylation, the ATPase was dialyzed extensively to remove unincorporated radiolabel, reagents, and remaining detergent, and then analyzed by SDS-PAGE. A fluorogram of a dried gel is shown in Figure 1B Figure 3 . In each cycle only one amino acid, present as the PTH-derivative, is observed in appreciable quantity. In the first few cycles some peaks cochromatographing with standard amino acids are present, but these are present at low levels and do not obscure the sequence.
We determined the amino acid sequence for one peptide containing radiolabel and observed a peak of radioactivity in cycle 12 (Fig. 4) . On (Fig. 5) . Two of the oat peptides correspond to the two most highly conserved regions of the ATPases: peptide A corresponds to a region adjacent to the phosphorylation site at aspartyl residue 378 in the fungal enzyme (5) , and peptide F corresponds to a region that in the animal Mr = 100,000 ATPases has been shown to bind the ATP analog 5'-(p-fluorosulfonyl)benzoyladenosine in an ATP-protectable manner, suggesting that it is part of the active site (12) . Peptides C, D, E, and H were found to be homologous to sequences between the postulated second and third transmembrane segments, a region that has been implicated in the energy transduction mechanism (15 Amino acid sequence analysis of peptide C. Peptide C was purified from a reverse phase HPLC fraction that contained radioactivity, and 40% of the sample sequenced via the Edman degradation. The primary PTH-amino acid observed (single-letter codes) and its recovery are shown for each cycle of the degradation (closed circles). The radioactivity released at each cycle is also shown (open circles).
that we have isolated the H+-ATPase of higher plants, and indicates that the oat H+-ATPase has a mechanism for ATP binding and hydrolysis similar to that of the other cation-transporting ATPases.
Two peptides (peptide B, Glu-Leu-Ser-Glu-Ile-Ala-Glu-GlnAla-Lys; and peptide G, Thr-Leu-His-Gly-Leu-Gln-Ala-Pro-GluSer-Thr-Ser/Ala-Leu-Asn-Leu-Phe-Asn-Asp-Lys) do not show (5) . The high degree of conservation between fungal enzymes is caused in part by evolutionary closeness and in part by similarities in reaction nrechanism, since both differ from the other ATPases in being exclusively proton pumps. Although the plant plasma membrane ATPase shares cation specificity with the fungal enzymes, only one of the peptides from the oat enzyme, peptide C, shows significantly more homology to the fungal H + -ATPases than to the animal ATPases. This suggests that the higher plant H+-ATPase has evolutionarily diverged from the fungal H+ -ATPases. In addition, the proton transport function could reside in a section of the enzyme not revealed in the peptides we sequenced (21) . Based upon these results, further amino acid sequence information should be particularly revealing as to the H+-ATPase reaction mechanism. Sequences common to all the cation-transporting ATPases are probably involved in either ATP hydrolysis or cation-translocation. Homologous regions particular to the H+-ATPases of higher plants and fungi are probably related directly to the proton-specificity of the enzyme.
CONCLUSION
We have described a method to obtain sequencable amounts of the Mr = 100,000 polypeptide of the oat root plasma membrane proton pump (H+-ATPase). This procedure relies on the observation that in detergent-washed plasma membrane preparations obtained from oat roots and fungal hyphae the ATPase is the predominant polypeptide of M, > 70,000. It is unlikely that the enzyme obtained with our method is completely pure. Estimates based on the Coomassie-stained SDS-PAGE profile indicate that at least 83% of the protein is accounted for by this Mr = 100,000 polypeptide. Previous experiments indicate that this Mr = 100,000 polypeptide is predominantly the H + -ATPase (14) . Thus, when detergent-washed oat plasma membranes were solubilized and the various proteins resolved using glycerol density gradient centrifugation, a single polypeptide at Mr = 100,000 was observed and this polypeptide co-purified with ATPase activity. Two-dimensional gel electrophoresis cannot be used to assess the homogeneity of this preparation because hydrophobic integral membrane proteins such as the H+ -ATPase aggregate in the absence of SDS and do not enter the isoelectric focusing gel with good yield (22) .
From the intensity of the Coomassie-stained Mr = 100,000 ATPase polypeptide, we estimated that about 5 nanomol (500 ,ug) of protein were purified, starting from a crude extract of 3.6 kg oat roots. Based on the level of PTH-amino acid observed in the first cycle of Edman degradation, the yield of tryptic peptides varied from 300 pmol to about 3 nmol. The differences in yield could be due to incomplete digestion of the ATPase with trypsin or be the result of aggregation and loss due to the hydrophobic nature of peptides derived from transmembrane fragments.
By sequencing tryptic peptides we have obtained the first extensive amino acid sequence information on a plasma membrane H+-ATPase from a higher plant. The results indicate that the higher plant enzyme has significant homology with the other known M, = 100,000 cation-transporting ATPases, particularly in regions thought to be involved in the ATPase reaction mechanism. Slightly more homology was observed with the fungal H+-ATPases than with the other cation-transporting ATPases. Chemical modification studies indicate that the plant H+-ATPase contains an essential N-ethylmaleimide-reactive cysteine residue in the nucleotide-binding site (7) and a dicyclohexylcarbodiimide-reactive residue located in a hypothetical proton 'channel' (13, 21) . The procedures described in this report will be useful for isolating and sequencing peptide fragments containing these modified amino acids as well as phosphorylated serine and threonine residues that may be involved in kinase-mediated regulation of this enzyme (3, 14) . In addition, the protein sequence data we have generated will prove useful in studies aimed at cloning and sequencing the structural gene(s) encoding the oat plasma membrane Ht-ATPase.
